Lattice strain is a structural parameter that has been exploited in microelectronic devices with great success, but its role in colloidal nanocrystals is still poorly understood. Here we have developed strain-tunable colloidal nanocrystals by using lattice-mismatched heterostructures that are grown by epitaxial deposition of a compressive shell (e.g., ZnSe or CdS) onto a soft and small nanocrystalline core (e.g., CdTe). This combination of a "squeezed" core and a "stretched" shell causes dramatic changes in both the conduction and valence band energies. As a result, we show that core-shell QDs with standard type-I behavior are converted into type-II nanostructures, leading to spatial separation of electrons and holes, extended excited state lifetimes, and giant spectral shifting. This new class of strain-tunable QDs exhibits narrow light emission with high quantum yield across a broad range of visible and near-infrared wavelengths (500 nm to 1050 nm).
Introduction
The impact of strain on materials is fundamentally important to a broad range of fields, from optoelectronics to biomechanics. Recent studies have explored the complex relationship between nanomaterials and strain, demonstrating that nanostructures with novel properties can be generated through lattice strain, 1,2 and that nanomaterials respond differently to strain compared to their bulk counterparts. 3-5 Semiconductor quantum dots (QDs), typically prepared as (core)shell nanocrystals, are a class of strained materials of considerable current interest because of their novel optical and electronic properties. The fluorescence efficiency of these materials is believed to be detrimentally affected by the lattice mismatch between the core and shell materials, 6-9 but other effects of epitaxial strain have been largely unexplored. In crystalline solids, stress-induced changes in the lattice parameters alter the intrinsic interatomic distances, and modify the energy levels of bonding electrons. In a crystalline semiconductor, this deformation significantly changes its electronic and optical properties such as the absorption and emission band edges. [10] [11] [12] This effect has been under intense study in optoelectronics, as materials strain is inherent in the epitaxial growth of lattice-mismatched heterostructures, and has been used to develop lasers and light emitting diodes consisting of semiconductor films that are strained by their growth substrates. 13,14 By straining thin layers within the quantum confinement regime, the interplay between quantum confinement and lattice strain can yield a high level of control in bandgap engineering. This control may be broadened by replacing the quantum wells with zero-dimensional quantum dots, which are more strongly confined, and may be spontaneously deposited on a lattice-mismatched substrate in the Stranski-Krastanov growth mode. 13 These self-assembled QDs can be prepared with reproducible and controllable sizes and uniform patterns. However, their fabrication costs are high, and these QDs are island-like, rarely forming zero-dimensional spherical morphologies. In contrast, colloidal syntheses of QDs have demonstrated an exquisite degree of control over both size and shape, with excellent monodispersity, high quantum yields (approaching unity), and much lower costs. Because of these advantages, recent work has started to integrate these particle suspensions into solid-phase devices. 15, 16 Compared to bulk epitaxy, strain is expected to manifest itself uniquely in colloids due to the ability of an epitaxial layer to strain its substrate. This "double straining" effect changes the properties of both the epitaxial layer and the substrate. In fact, our experimental data and elasticity calculations demonstrate that a very high level of strain can be tolerated in small nanocrystals, compared to what is achievable in bulk materials. Small nanocrystals (<5 nm) have a high surface area-to-volume ratio and highly curved surfaces, allowing the stress from a lattice-mismatched epitaxial shell to be distributed over a large fraction of the constituent atoms. For larger nanocrystals and bulk substrates, the total number of atoms is larger, and the epitaxial stress is imposed on a surface that contains a smaller fraction of the constituent atoms, favoring the formation of strain-relaxing crystalline defects rather than homogenous strain.
In this work, we report that heteroepitaxial strain within core/shell QDs can be used to dramatically impact the optical properties of these nanocrystals. In particular, the epitaxial growth of a compressive shell material (ZnS, ZnSe, ZnTe, CdS, or CdSe) on a small and soft nanocrystalline core (CdTe) leads to a large change in the conduction energy band of the resulting heterostructures. We show that lattice strain can be used to control the locations of charge carriers, to modulate the excited state lifetimes, and to tune the absorption and emission spectra across a wide wavelength range. These results are dramatically different the small red shifts in the emission spectra (5-7 nm) observed by Chen et al. for CdSe QDs during the growth of a CdS shell. Their reported synthesis conditions are known to be incompatible with heteroepitaxial shell growth of CdS, and the observed small spectral shifts are most likely not caused by lattice strain, but arise instead from the growth of CdSe cores (not CdS shells) under their experimental conditions.
Results and Discussion

Strain Tuning in Colloidal Nanocrystals
As illustrated in Figure 1 , lattice strain can induce significant bandgap energy changes when a shell material is coherently grown on a small and compressible nanocrystalline core. In the bulk state, heterostructures of CdTe and ZnSe have valence and conduction bands that are aligned to localize both the electrons and holes in CdTe (type-I behavior). On the nanometer scale, however, epitaxial growth of a ZnSe shell strongly compresses a CdTe nanocrystal because the lattice parameter of ZnSe (5.668 Å) is considerably smaller than that of CdTe (6.482 Å). For nearly all zinc-blende II-VI and III-V semiconductors, the electronic energy gap increases with applied compressive force, and decreases under tensile strain, an effect that has been experimentally observed and theoretically predicted. 10,17 This is represented by a negative deformation potential (a<0), defined as where E g,o is the bandgap of the unstrained semiconductor and ∂(lnV) is the fractional volume change. The conduction band shifts to a much larger degree than the valence band, 18 and therefore the compressive deformation of CdTe (a ZnSe = −3.70 eV) induced by shell growth increases the energy of the conduction band. At the same time, the shell material (a ZnSe = −4.99 eV) is under tensile strain, resulting in a decrease in its conduction band energy. These two strain effects work in a concerted fashion (that is, double straining) to alter the energy band offsets, converting standard type-I QDs into type-II heterostructures, resulting in a spatial separation of the electrons and holes. As the shell grows in thickness, the core conduction band energy rises due to increased compressive strain from the shell, while the shell's conduction band energy decreases due to a reduction in quantum confinement.
Properties of Strain-Tuned Nanocrystals
With increasing epitaxial shell growth of ZnSe on CdTe, the optical absorption and fluorescence emission spectra are dramatically shifted toward longer wavelengths (lower energies) (Figure 2A ). Small spectral changes are also observed in type-I QDs when a finite potential well of the shell allows tunneling of the electron and hole between the core and the shell. 6, 19 In the case of (CdTe)ZnSe, however, additional shell growth continues to shift the absorption band-edge and the emission maximum, beyond the band-edge energy of bulk CdTe (1.50 eV) and ZnSe (2.82 eV) (see Figure 2A and 2B). Several lines of evidence suggest that this red shift is due to a transformation to type-II band alignment for these (core)shell QDs: (i) a gradual reduction of distinct optical absorption features; (ii) a decrease in the band-edge oscillator strength, and (iii) a significant increase in excited state lifetimes ( Figure 2D ). These changes are caused by spatial separation of holes into the core and electrons into the shell, resulting in a decrease in the electron-hole overlap integral. As reported by Kim et al., colloidal type-II quantum dots such as (CdTe)CdSe, can achieve charge carrier separation through the selection of specific materials with staggered band offsets for the core and shell. 20 Energy band offset and electron-hole separation allow spatially indirect recombination at energies lower than the bulk bandgap energies of either of the individual semiconductors.
The largest spectral shifts are observed with very small cores, such as 1.8 nm CdTe, allowing tuning from the green to the near-infrared spectra. In contrast, larger CdTe cores cannot be effectively compressed through epitaxy, and their emission spectra are much less tunable by lattice strain. The strain-tunable spectral ranges are shown in Figure 2C for different sized CdTe cores. It is remarkable that QDs with small cores can be tuned to emit beyond the spectral ranges of large dots, at both ends of the emission spectra. This novel phenomenon has not been observed for other types of quantum dots and cannot be explained by conventional factors (for a more detailed explanation, see Supplementary Discussion). Depending on the core size and shell thickness, these QDs can be tuned to emit between 500 nm and 1050 nm with a quantum efficiency between 25-60%. The fluorescence peak width is consistently between 40 and 90 nm (full-width-at-half-maximum or FWHM) in the near infrared (700 -900 nm), a "clear window" well suited for biomedical imaging applications.
An interesting finding is that the strain-induced spectral changes are gradual and do not exhibit abrupt transformations as might be expected for a switch from type-I to type-II. For core sizes less than 4 nm diameter, our data indicate that the transition to type-II behavior is "complete" after capping with 2-3 monolayers (ML) of shell material. Between 0 and 2-3 ML, however, the behavior of these QDs is between type I and type II, a regime that has been dubbed 'quasitype-II' in the literature. 21 Here one of the charge carriers is strongly confined to one region of the nanocrystal (in our case, the hole is confined to the core), whereas the other charge carrier (the electron) is only weakly confined, being largely delocalized across the entire nanocrystal. See Supplementary Figure 1 for further information about this gradual transition.
Strain Tuning in Multilayered Structures
To further understand the separation of electrons and holes in these strained nanostructures, we have carried out systematic capping experiments in which interim shell layers are used to provide specific energy barriers to either the hole or the electron (Figure 3 ). Capping CdTe with a CdSe shell is known to generate type-II QDs with the electron located in the shell, due to the lower conduction band energy level of CdSe compared to CdTe. In contrast, capping CdTe with a ZnTe shell or an interim layer of ZnTe provides a large barrier to electron diffusion out of the QD core, but little impediment to hole diffusion out of the core. As expected, capping CdTe with CdSe yields a type-II QD with a substantial decrease of the band gap, whereas ZnTe capping only slightly changes the band gap. By using one monolayer of these materials as a barrier to hole or electron diffusion, overgrowth of ZnSe leads to a type-II structure only when grown with the CdSe interim layer. Very little red-shift is observed for QDs with an interim layer of ZnTe, confirming that electron diffusion into the shell is essential for the strain-induced type-II structure to function. Hole confinement to the core is also supported by the high quantum efficiency of these core/shell QDs, as surface hole traps are more detrimental to the optical properties of QDs than are electron traps. 20, [22] [23] [24] It is remarkable that the highly strained (CdTe)ZnSe heterostructures (14.4% lattice mismatch) are able to maintain excellent photoluminescence properties. We attribute the high quantum yield to the high crystallinity of the initial CdTe cores (quantum yield up to 80%), and the homogeneity of shell growth at high temperatures (shell growth was incomplete and nonuniform below 200°C). Also, the lattice compressibility is considerably higher for CdTe (bulk modulus B u = 42.4 GPa) and ZnSe (B u = 62.4 GPa) (considered to be softer because of their lower modulus values) as compared to the commonly used QD materials of CdSe (B u = 53.1 GPa) and ZnS (B u = 77.1 GPa). 25 Thus, the ability of CdTe and ZnSe to elastically compress when subjected to a large stress, rather than relaxing to form defect trap sites, allows these QDs to maintain their excellent spectral properties. These QDs maintain a high quantum yield after 2 ML of shell growth ( Figure 3B ), unlike similarly strained (CdSe)ZnS QDs (12% lattice mismatch), which reach a peak in quantum yield after roughly 1.5 ML of shell growth. This difference is likely due to the inability of the less elastic CdSe and ZnS to withstand strain without forming defects. Using the softer CdTe core, we have succeeded in growing both CdS and ZnS shells (11.4% and 19.8% lattice mismatches, respectively), in which a high quantum yield is maintained even after 3 ML of shell growth (see Supplementary Figure 2 and Figure  3 ).
The concept of strain-induced defect formation has been the predominant paradigm for understanding the photoluminescence efficiency of (core)shell QDs, 6 but this concept does not account for the unexpectedly low quantum efficiencies of type-II QDs. 20 Xie et al. reported that type-II (ZnTe)CdSe QDs have a quantum yield of 15-20%, which decreases after growth of 1.5 ML, despite a lattice mismatch of only 0.6%. 26 In our own work, Figure 3B shows that type-II (CdTe)CdSe QDs (7.1% lattice mismatch) reach a peak in fluorescence efficiency after only 1 ML of shell growth, whereas highly strained (CdTe)ZnS QDs (~20% lattice mismatch) reach a peak fluorescence efficiency after 2.5-3 ML of shell growth (Supplementary Figure  3) . The separation of charge carriers in type-II QDs can result in a decreased probability of radiative recombination, and the extended excited state lifetimes may increase the probability of nonradiative recombination events. In addition, one of the charge carriers in type-II QDs is confined to the shell region, and this carrier thus has an increased probability of being trapped in a surface defect site, a major factor governing the photoluminescence efficiency of QDs.
Direct Structural Characterization
Powder X-ray diffraction (XRD) data ( Figure 4A ) show that these QDs grow homogeneously as single crystalline domains. The CdTe cores show a zinc-blende crystal structure, which shifts to smaller bond lengths with shell growth, and the lattice becomes hexagonal. After 6 monolayers of shell growth, the lattice constant has shrunk by 5.1% relative to zinc-blende CdTe, indicating an expansion of the ZnSe shell lattice by 8.5% compared to bulk. Further increasing the shell thickness to 9 ML nearly doubles the total nanocrystal volume, but only slightly changes the lattice parameters. The diffraction peaks become narrower due to the larger crystalline domains produced, with no evidence of pure ZnSe or CdTe domains or major defects. Combined with the quasi-spherical morphology of these particles observed in TEMs ( Figure 4B ), this data suggests that growth is crystalline, epitaxially coherent, and homogeneous, despite the large strain between these materials. As previously mentioned, defect formation is often correlated with a reduced radiative recombination efficiency, but these QDs maintain a high quantum yield throughout the shell growth, and only band-edge emission is observed even after 9 monolayers of ZnSe shell growth as shown in Supplementary Figure  4 . The phase transition from zinc blende to wurtzite was not an expected observation, however there is only a small difference in energy between these two crystal structures, and CdTe has a propensity to transform to the softer wurtzite phase when subjected to epitaxial stress. 27 High-resolution TEM images verified this phase transition, which was also observed for several other core/shell QD structures (CdTe/CdS, CdSe/ZnS, CdTe/ZnTe, and CdTe/CdSe). Under the same experimental conditions, we found that small zinc-blend CdSe nanocrystals (~2 nm) also transition to the wurtzite phase after growth of ~6 monolayers of a ZnSe shell.
High-resolution TEM data ( Figure 4C and 4D) reveal the coherent crystallinity of these QDs, with lattice planes extending throughout the entire nanocrystal. Besides sporadic multiple twinning (see Suppl Figure 7 ), no major crystalline defects are observed. Nearly all QDs (>95%) with shells larger than 2 monolayers are identified to be oriented with the wurtzite (001) plane parallel to the TEM grid. This anisotropy is in agreement with XRD patterns of samples with thick shells ( Figure 4A ) that show more intense and narrower diffraction peaks for the (110) plane compared to (112), as well as for (100) compared to (101). We attribute this preferential growth to the slightly larger lattice mismatch between these materials in the a-direction compared to the c-direction, and due to the higher compressibility of wurtzite II-VI materials in the [100] and [010] directions compared to the [001] direction. 25 As well, the zinc-blende core CdTe QDs are found to be slightly elongated in the [111] direction ( Figure  4C) , with an aspect ratio of ~1.4. Upon phase transition to wurtzite, this elongated direction becomes the [001] direction, suggesting that shell growth predominantly propagates in the radial direction outward along the cylindrically shaped QDs. This mode of shell growth contrasts with that observed for most CdSe nanocrystals, which typically favor growth in the [001] direction, commonly attributed to the high reactivity of the (001) facet and closer lattice match in this direction. 8,28,29 We have also observed lattice warping and electron-density differences, as might be expected from core-shell type structures (Supplementary Figure 8) .
In terms of lattice compressibility and deformation potential, CdTe is the most compressible of all the II-VI and III-V materials except for mercury telluride, and its deformation potential is relatively high. 18 This means that the lattice of CdTe is readily compressed, and upon compression, its electronic energy bands shift to a large degree. ZnSe also has a high deformation potential but has a much higher bulk modulus; its role as a less deformable, highly mismatched shell material is likely crucial in generating the unique optical properties reported. In comparison, core-shell QDs with better lattice matching (such as (CdTe)CdS and (CdSe) CdS) exhibit considerably less spectral shifting due to the reduced lattice strain and lower deformation potential values. Furthermore, nearly all (core)shell nanocrystals and other types of nano-heterostructures are subject to varying degrees of lattice strain, because of structural mismatches between two different materials.
Continuum Elasticity Modeling
To gain further insights into the mechanism of strain tuning, we have implemented a continuum elasticity model for coherently grown epitaxial ZnSe shells on CdTe cores ( Figure 5 ). With radial compression from the shell, the core is found to be under isotropic, compressive strain. The shell lattice is under tensile strain in the tangential directions surrounding the core, and compressively strained in the radial direction. The strain in the shell decays with increasing distance from the interface, but does not decay fully to zero, in agreement with XRD data ( Figure 4A ) demonstrating the inability of thick shells to compress the core to more than a critical value, leaving a significant amount of elastic strain in the shell. This effect is also predicted to occur for even thicker shells (data not shown). When compared with the lattice constants experimentally observed from XRD and TEM, the compression of the core is calculated to be significantly larger. There are several factors underlying this discrepancy. Most importantly, this is due to the nonspherical growth in the shell, occurring mostly perpendicular to the c-axis, causing the heterostructure to more closely resemble concentric cylinders rather than concentric spheres. As shown in Figure 5A , modeling this system as cylinders redistributes much of the strain to the shell, and more strongly correlates with the experimentally observed lattice parameters. Using this theoretically derived lattice deformation we have used the modelsolid theory to calculate the band offsets and bandgaps of the various (core)shell structures reported in this work. As shown in Supplementary Figure 9 , we are also able to predict the bandgaps of these structures at various stages of shell epitaxial growth.
As the shell grows on the core, the strain energy within the nanocrystal may exceed the energy required to form a lattice defect, favoring strain relaxation. After calculating the energy of a dislocation loop at the (core)shell interface, total energy minimization reveals that CdTe QDs up to ~3.4 nm diameter can tolerate the strain imposed by any shell thickness of ZnSe without loss in structural coherency. This agrees with the experimental observation that larger cores are less strain-tunable, suggesting that this dependence is due to strain relaxation through dislocations. The main disagreement between the experimental data and the theoretical strain calculations is the prediction of abrupt changes in lattice constants at the core/shell interface, and the differences in radial and tangential lattice parameters in the shell. HRTEM data indicate that the entire QD is a coherent crystal, with little lattice deformation. Few literature observations have noted coherent lattice distortions in nanocrystals this small, which may be energetically unfavorable and reveal an inherent inaccuracy in the application of continuum elasticity models to very small nanoparticles. However, more complex atomistic models tend to agree strongly with continuum elasticity models, but smooth out rapid changes in strain.
For these modeling calculations, bulk materials parameters are used because no general trends have emerged regarding the dependence of materials properties on particle size. For some materials, their compressibilities change with grain size, most commonly showing a softening effect with decreasing size. 30-32 In other instances, however, their compressibility values are found to be unchanged in nanoparticles compared to the bulk. 30-32 For II-VI semiconductors, it has been reported that CdS QDs have similar compressibilities compared to the bulk, 30 whereas CdSe QDs are more compressible than the bulk material. 32 Quantum confinement by itself may induce structural modifications in semiconductor nanocrystals, 33 and these nanocrystals may be subject to compressive or tensile forces depending on the nature of their passivating ligands. 34 For the strain-tunable QDs in this work, the elasticities of nanoscale ZnSe and CdTe have not been determined as a function of particle size. If the elasticities of the core and shell materials decreased evenly, the total elastic strain energy in these dots would be reduced. This energy reduction is not expected to alter crystalline deformation or leads to major net changes in our bandgap calculations. To further examine the case in which only one of the materials becomes more elastic, we have implemented a theoretical model using smaller elastic moduli (example.g., 20% smaller than bulk) for either the core or shell materials. We find that this softening effect marginally modifies the magnitude of the strain-induced band shifting (by less than 3%). We also note that the observed phase transition during shell growth may slightly factor in the level of accuracy of the calculated bandgaps. Wei et al. calculated a bandgap 1.50 eV for zinc blende CdTe and a bandgap of 1.547 eV for wurtzite. 27 For ZnSe, experimental data of the bandgaps also reveal a very small difference of 2.82 eV for zinc blende,and 2.8474 eV for wurtzite. 35
In conclusion, we have reported a new class of core-shell quantum dots (QDs) that are converted into type-II nanostructures by lattice strain. The strain-tunable QDs show narrow light emission with high quantum yields (60%) across a broad spectrum of visible and nearinfrared wavelengths (500 nm to 1050 nm). The results provide key insights to the optical and electronic properties of CdSe/ZnS, CdSe/CdS, and other quantum nanostructures. In particular, the strain-induced type-II behavior leads to a spatial separation of electrons and holes, and prolonged excited state lifetimes, parameters that will be important to multi-exciton generation and efficient solar energy conversion. 21,36,37 Due to their near-infrared emission spectra and low cadmium content (one the CdTe core contains cadmium), this new class of compact QDs might be suitable for in-vivo animal imaging. We also envision that other colloidal semiconductor nanocrystals with similar bulk materials parameters could be employed for strain tuning, especially III-V antimonides (AlSb, GaSb, and InSb) and other II-VI tellurides (ZnTe and HgTe).
Methods
Synthesis of quantum dot cores
(Core)shell QDs were prepared by using a two-step organometallic approach in a hightemperature coordinating solvent. 7,38,39 CdTe cores of various sizes (1.8 -6.2 nm) were synthesized by swiftly injecting a room-temperature solution of trioctylphosphine-telluride (0.1 mmol in 5 mL octadecene) into a hot (300°C) solution of cadmium oxide (0.2 mmol), tetradecylphosphonic acid (0.44 mmol), hexadecylamine (5.7 mmol), and octadecene (10 mL total). The growth temperature was set to 265°C and the final size of the CdTe QD core was controlled by varying the growth time, and by slow injection of additional precursors if larger sizes were desired. After cooling to room temperature, the highly luminescent nanoparticles (quantum efficiency 40-80%) were diluted in hexane, centrifuged to remove the insoluble cadmium precursor, purified via repeated hexane-methanol extractions, and finally centrifuged again to remove potential nanocrystal aggregates.
Detailed procedures for shell growth
Hexane solutions of purified quantum dots were diluted in oleylamine to roughly half of the concentration of their original reaction solution, typically in 10 mL reaction volumes. The reaction vessel was then attached to a Schlenk line, and degassed at room temperature to remove hexane. The solution was then refluxed under vacuum (~20 Pa) at ~100°C for an additional 40-60 minutes to ensure complete removal of oxygen, water, hexane, and other low boiling point impurities. The solution was then purged three times with argon, and the temperature of the solution was increased to the initial capping temperature (T ML1 ). This temperature was empirically optimized to be as high as possible, to maximize the reactivity of the shell precursors, but low enough to inhibit the competing process of Ostwald ripening. The onset of Ostwald ripening was determined by heating QDs in oleylamine to 100°C for 10 minutes, measuring the absorption and emission spectra of the QDs to look for possible signs of ripening, and then ramping the temperature in 10°C increments and repeating this process. Note that these temperatures are significantly lower than those typically used for shell growth on CdSe cores, mainly due to the greater ripening propensity of CdTe compared to CdSe. A summary of the important experimental parameters is provided in Supplementary Table 2 .
For the addition of shell precursors, we used a modified version of the successive ion layer adsorption and reaction (SILAR) procedure, originally described by Peng and coworkers. 39 Specifically, at the initial capping temperature, we injected a solution containing cation precursor (0.1 M diethylzinc or dimethylcadmium dissolved in TOP), containing the amount of precursor required to constitute a 0.25 ML shell. After 10 minutes, which we experimentally determined was a sufficient amount of time to prevent homogenous nucleation of the shell material, we injected the anion precursor (0.1 M sulfur, selenium, or tellurium, dissolved in TOP). After this second injection, shell growth was allowed to proceed for a period of time dependent on the initial growth temperature and the shell composition. For example, for the growth of ZnSe on CdTe, the following reaction times were used: 4 hours for 150°C, 2 hour for 170°C, and 30 minutes for 210-225°C. For different shell materials, however, it was found that the shell growth rate was strongly dependent on the reactivity of the precursors. Both diethylzinc and dimethylcadmium were highly reactive at all of the temperatures used in this work, as we found that these reactions were limited by the deposition rate of the chalcogenide. Generally, tellurium and selenium reacted efficiently at low temperatures (e.g. 2 hours reaction time at 170°C), but initial growth of CdS and ZnS required extended times, up to 8 hours before completion on 2.0 nm cores at 150°C. After the first two injections at T ML1 , a second pair of injections was performed to grow 1 ML of total shell on the cores, using the same reaction time for the first 0.5 ML.
Once this thin layer of shell material was deposited on the QDs, indicated by spectral redshifting, the temperature threshold of these QDs toward ripening was significantly enhanced. This is due to a combination of the increase in overall size of the nanocrystals, the greater bond strength and thermal stability of the shell materials used in this study (CdS, CdSe, ZnSe, ZnS, ZnTe) compared to the cores (CdTe), as well as the greater strength of bonding of the amine and phosphine ligands to the shell material, compared to CdTe. Thereby, after the deposition of just 1 ML, the temperature of the reaction could be increased drastically without optical signs of ripening. In this manner, the growth temperature was increased to a point at which the shell reaction was much more efficient, and shorter reaction times could be used to complete shell growth. The deposition of ZnSe on CdTe was optimized for all of the sizes tested, however the deposition of the other shell materials (ZnS, ZnTe, CdS, CdSe) was only optimized for 3.8 nm QD cores, although the extrapolation of this technique to other core sizes should like be straightforward by employing the methodology described herein. For this procedure, we chose to use 0.25 monolayer increments so that the surface stoichiometry of anions and cations would be similar for each 0.5 ML shell growth cycle. When performed with 0.5 ML increments, like the SILAR procedure originally described by Peng et al., there was a significant decrease in QY after each anion injection, thus obscuring the relative changes in fluorescence QY, which is in accord with previous findings. 39,40
We tested a variety of alternative shell precursors for this work. We found that carboxylate salts of cadmium and zinc required a much higher reaction temperature compared to their organometallic counterparts. With fatty acid salts of zinc and cadmium, we were unsuccessful in capping the smallest CdTe cores without suffering from significant Ostwald ripening at the high temperatures required for efficient shell deposition. However larger cores (>4 nm) could be efficiently capped with these precursors. We also tested several chalcogenide precursors, including commonly used organosilicon compounds (e.g. hexamethyldisilathiane) and elemental chalcogenides in the absence of phosphines. These reagents were generally too reactive to prevent homogeneous nucleation of shell materials. Phosphine-chalcogenide precursors, however, were found to yield an excellent balance of resistance to nucleation and a high reactivity toward epitaxial growth.
Calculation of shell thickness
For our calculations of shell material additions, we employed an approach similar to that which is used in epitaxial overgrowth of thin films on bulk substrates. Specifically, with the deposition of a thin epilayer on a QD core, we make the assumption that the material deposits layer-bylayer as a coherent, epitaxial structure. Thereby, the core serves as a 'substrate' to which the shell material must conform in order to undergo heteroepitaxial growth as a shell. This rationale is strongly supported by the data provided herein, showing that the overgrowth of a thin shell (1-2 ML) of lattice-mismatched material (e.g. ZnSe) only marginally alters the crystalline lattice of the core material. Instead, the shell material adopts the lattice constant of the core material during initial growth, and substantial deformation of the core only occurs once a shell of substantial thickness is deposited. Therefore, the calculation of the epilayer material quantity can be considered from the perspective of homoepitaxial growth of CdTe on a CdTe substrate, using the bulk density of CdTe and a judiciously chosen monolayer thickness. In this way, the molar quantity of precursors added to grow a specific number of shell monolayers should be the same for all types of materials grown as epitaxial shells, theoretically differing only in the event of defect formation, and the concomitant relaxation of the heterostructure. From this perspective of heteroepitaxy, it is evident that one cannot accurately predict the size of a (core) shell nanocrystal with a predetermined number of monolayers of shell growth unless the strain within both the core and the shell materials are taken into consideration. Initially, the shell material will adopt the lattice constants of the core material, and thus appear larger than expected, if one presumes that the shell material will adopt its bulk lattice constants. This effect will eventually wane as the compressive shell reaches a thickness large enough to compress the core. It should be noted that the 'ideal' calculation method for the deposition of a shell would to be to determine the exact number of unpassivated orbitals on the surface atoms on the QDs, and to add this specific number of elemental precursors to constitute 1.0 ML of shell (or 0.5 ML if the surface facets are polar), and then repeat the process for the next monolayer. However, exact determination of these values is not yet feasible, although theoretically calculated values strongly correlate with the approach used herein.
The volume of shell material comprising m monolayers of material can be calculated as:
where V shell is the volume of shell material per QD, r c is the radius of the QD core (assuming a spherical geometry), and d ML is the thickness of one monolayer of shell. Here we use d ML = 0.324 nm, the (200) interplanar spacing for zinc blende CdTe. This value was selected based on the preferential growth of the shells on facets parallel to the c-axis. Note that the choice of other interplanar distances, such as the (220) separation distance, could also be justified, although the application of the SILAR growth mechanism is theoretically incompatible with nonpolar facets. The amount of shell material to add can then be calculated using the following formula:
where n shell is the number of moles of each precursor required to deposit m ML of shell material, D core is the density of the core material (D CdTe = 5.85 g cm −3 ), N A is Avogadro's number, n QD is the number of moles of QDs in solution, and MW core is the molecular weight of the core material. The molar quantities of precursors added for different shell thicknesses on a 3.8 nm core are summarized in Supplementary Table 3 , along with their diameters, as determined via TEM, and their expected sizes assuming both a relaxed lattice and a strained, coherent lattice. Note that the cores used for this study were not completely spherical, which impacts the observed sizes of the heterostructures, as described in the main text of this work. The XRD spectra, the observed sizes via TEM, and the preferential orientation of the nanocrystals on TEM grids are all consistent with the preferential growth of the shell in the a-direction of the wurtzite crystal structure, similar to the growth of a cylinder in the radial direction.
Strain and band structure calculations
Band offsets were calculated using a combination of the "model-solid theory" and a continuum elasticity model of concentric spheres, which have been described rigorously in the literature. The method of Balasubramanian et al. 41 was used to calculate the strain and coherency range for a core/shell nanocrystal, which was modeled as a sphere enclosed in a concentric sphere with different lattice parameters and elastic moduli. The critical shell thickness was determined to be that in which the formation of a dislocation loop was more favorable than coherent growth. This was calculated by determining the shell thickness for which the energy of the coherent, elastically strained state is equal to the energy of the incoherent state, with the latter arising from energy from both the defect and the residual elastic energy from strain. With knowledge of the bandgap of the core from optical spectroscopy before capping, the relative energy shifts of the conduction and valence band edges due to quantum confinement were calculated to a first approximation from the relationship in which the change in energy of the conduction (valence) band edge due to quantum confinement, ΔE e (ΔE h ), is inversely proportional to the effective mass of the electron (hole). 42 Determination of the band edges of the shell is more difficult, but can be approximated to a surprisingly accurate degree by assuming the shell to behave as a two-dimensional quantum well. This approximation is theoretically acceptable if the perimeter of the sphere is larger than the exciton Bohr diameter of the shell material, such that the radial direction is not quantum confined. The dependence of the bandgap of an unstrained quantum well on its width has been empirically determined and calculated theoretically for many different II-VI materials, and can be found in the literature. Once the bandgaps, band offsets, and material strain of the core and shell materials are known, the model-solid approach of Van de Walle and Martin 43 can be used to approximate the bandgap of the entire heterostructure using published materials parameters for the materials of interest. 25, 37, 44 There are several advantages and disadvantages to this approach for the determination of band structure. This method is robust and purely analytical, requiring very little computational power to implement. The reliance on empirical data adds credibility, and no correction factor needs to be used for the bandgaps, unlike for local density approximations, although theoretically calculated bandgaps and band offsets could just as easily be used instead. The use of a continuum elastic model of nanocrystals is likely to be less accurate than atomistic elasticity models, especially in regions with abrupt changes in strain, such as in the direct vicinity of nano-heterostructure interfaces, but this approach has been shown to agree strongly with more complex models. 45 However, the modelsolid approach does not account for quantum tunneling, which is believed to be an important characteristic of the wave nature of charge carriers for influencing the optical properties of heterostructures, especially for nanocrystals with highly localized charge carriers. It is possible that the accuracy of this model could be increased with the inclusion of a term accounting for the finite well depths of the charge carriers. The nonspherical, anisotropic growth of the nanocrystals described herein, and the anisotropy and possible size-dependence of the materials parameters of these semiconductors, are other sources of error when comparing with this model.
Nanocrystal characterization
Steady-state fluorescence spectra were obtained using a spectrofluorometer from Photon Technology International. A xenon lamp was used for excitation, and the detector was a photomultiplier tube for the spectral range 400-800 nm, and an InGaAs detector was used for the range 800-1700 nm. The spectrometer slit widths were typically operated at 4 nm. Quantum yield measurements were performed by comparison to Atto dyes (520, 565, 610, or 680) dissolved in ethanol, accounting for differences in solvent refractive index. Absorption spectra were measured on a Shimadzu spectrophotometer with 1 nm slit widths. Time-resolved fluorescence decay spectra were obtained with excitation from a 478 nm pulsed diode laser. A spectrometer was used to resolve the peak emission wavelength, detected using a photomultiplier tube. Transmission electron micrographs were obtained with a Hitachi H-7500 TEM, and high resolution imaging was performed on a Hitachi H-9500. X-ray diffraction spectra were measured using a Bruker SMART 1000 CCD/Hi-Star dual-detector diffractometer, with a cobalt X-ray source.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. HRTEM of (CdTe)ZnSe QDs with 6 monolayers of shell, showing all QDs to be oriented with the (001) lattice plane parallel to the substrate. The absorption and emission spectra of these (core)shell QDS are provided in Supplementary Figure 4 , and their simulated diffraction and particle size distribution data are shown in Supplementary Figures 4 and 5 (A) Left axis: strain distribution in 3.8 nm-diameter CdTe nanocrystals capped with 6 monolayers of ZnSe shell. The solid black line indicates strain for the QDs modeled as concentric spheres, and the red hatched lines as concentric cylinders. Strain within the core is compressive and isotropic, while the strain in the shell is compressive in the radial direction (bottom line) and tensile in the tangential direction (top line). Right axis: Calculated lattice constants corresponding to strain profiles for strained, concentric, core/shell spheres and cylinders. The blue hatched line shows the observed lattice constant, determined from XRD and TEM. Blue indices on the axis depict the bulk lattice constants of CdTe (6.482 Å) and ZnSe (5.6676 Å). (B) The critical thickness (black line) is the shell thickness for which the formation of a dislocation loop is energetically more favorable than coherent, epitaxial growth for different core sizes and shell thicknesses.
